Sex chromosomes are usually suppressed for homologous recombination, which leads to the 10 loss of functional genes on the Y or W chromosomes. It remains unclear how species like birds 11 with a ZW sex system cope with the consequential gene expression imbalance, usually in the 12 absence of global dosage compensation mechanism. Here we tackle this conundrum by 13 reporting 14 genes recently transposed from the Z to the W chromosomes of three songbird 14 lineages, after analyzing a total of 12 songbird species' genomes. These transpositions are 15 estimated to have occurred within 9 million years. Besides the expected signatures of functional 16 degeneration in some genes on the non-recombining W chromosomes, the other retained 17 genes after transposition are enriched for haploinsufficient genes or housekeeping genes. 18
Y chromosome embarks on an irreversible trajectory of functional degeneration, at regions 24 where its homologous recombination with the X chromosome was suppressed. This is 25 demonstrated by the widely-observed difference of genomic and epigenomic compositions 26 between X and Y chromosomes: while the X is euchromatic and gene rich, the Y chromosome 27 usually has lost most of its functional genes and become highly heterochromatic (Bachtrog 28 2013; Hughes, et al. 2015) . Similar patterns have been found on the W chromosomes in 29 species like birds and butterflies, which have a pair of ZZ chromosomes in males, and ZW 30 chromosomes in females. The divergent evolutionary trajectories between sex chromosome pair 31 are proposed to be driven by the selection for restricting the sex-determining (SD) genes or 32 genes beneficial to one sex but detrimental to the other (so-called 'sexual antagonistic', SA 33 genes) within one sex from being inherited in the opposite sex through recombination 34 (Charlesworth and Charlesworth 2000; Ponnikas, et al. 2018 ). The consequential cost of 35 maintaining sex is essentially a much compromised level of natural selection on the Y/W 36 chromosome due to the lack of recombination (Charlesworth and Charlesworth 2000) . This 37 creates a conundrum that when recombination was initially suppressed, the affected regions 38 must contain many other genes with important functions besides the SD/SA genes. 39 A direct resolution to such 'collateral damage' is evolution of dosage compensation on 40 the X/Z chromosome, so that the balance of expression level can be restored. On the other 41 hand, studies showed that the Y/W chromosomes also come up with various strategies to 42 'rescue' functions of certain genes during their complex and dynamic evolutionary course. Some 43 genes with important regulatory functions or high dosage-sensitivity have been demonstrated to 44 be degenerating much slower than others on the mammalian Y (Bellott, et al. 2014; Cortez, et 45 al. 2014) or avian W chromosomes (Smeds, et al. 2015; Bellott, et al. 2017; Xu, et al. 2019 ) due 46 to a much higher level of selective constraints. The human Y chromosome has evolved 47 palindromic sequence structures to repair deleterious mutations and facilitate gene conversions 48 between Y-linked genes (Rozen, et al. 2003) . Other ways of rescuing or even innovating the 49 gene functions on the Y chromosomes include escaping onto the autosomes through 50 transposition (Hughes, et al. 2015) , or recruiting novel genes onto the Y chromosomes from 51 various resources. Emerging cases of such gene movements on the Y chromosome have been 52 reported since the characterization of 'X-transposed, XTR' region on the male-specific region of 53 human Y chromosome (MSY) over 30 years ago (Page, et al. 1984; Schwartz, et al. 1998; 54 Skaletsky, et al. 2003 ). This region was transposed from the X chromosome within 4.7 million 55 years (MY) (Ross, et al. 2005 ) after the human-chimpanzee split, and subsequently disrupted 56 into two blocks by a Y-linked inversion (Schwartz, et al. 1998 ). The enclosed PCDH11 X-Y gene 57 pair has been suggested to contribute to the human-specific cerebral asymmetry and language 58 development (Crow 2002 chromosomes, because only a few out of over 10,000 bird species have been investigated. In 80 addition, the degree of sexual selection, which is known to dramatically vary across bird 81 species, must have a different impact shaping the evolution of sex chromosomes. 82
Here we looked into this question by studying 12 songbird genomes which both male 83 and female sequencing data is available. We reasoned that these Illumina-based genomes do 84 not contain complete information of complex sequence structures (e.g., palindromes) or traces 85 of ancient transposition events on the W chromosome. We therefore focused on identifying the 86 recent transpositions, if any from the Z onto the W chromosome that are manifested as female- While such gene losses are expected because of the lack of recombination, the retained 114 genes, essentially the recently restored genes that had previously become lost on the W 115 chromosomes, are more informative for the driving forces that originally fixed these 116 transpositions. We reasoned that two types of selection, i.e., female-specific selection for the 117 female reproductive genes, as well as dosage selection for the haploinsufficient genes probably 118 account for the restoration of W-linked genes. The first type of selection is demonstrated by a 119 previous study showing that the chicken breeds selected for higher female fecundity exhibit an 120 increased W-linked gene expression than other breeds (Moghadam, et al. 2012 ). Indeed, the 121 only two retained genes ANXA1 and ALDH1A1 after the transposition in red bird-of-paradise 122 (Figure 2) , and the great tit transposed gene MELK all have a biased or specific expression 123 pattern in ovary in many examined bird species (Supplementary Figure 5) , and also their 124 outgroup species green anole lizard (Figure 3) . Although ALDH1A1 has a relatively lower 6 expression in ovary than in testis, it has been recently shown in mice that the disruption of this 126 gene delays the onset of meiosis in ovary (Bowles, et al. 2016 ). Besides, ANXA1 and CDK7 127 probably have been restored by strong dosage selection, indicated by their much higher levels 128 of predicted haploinsufficiency (HP score) than most other genes on the Z chromosome 129 (Supplementary Figure 5) (Huang, et al. 2010) , as well as a lack of any nonsynonymous 130 changes compared to their Z-linked homologs ( Supplementary Table 1 ). Several medium 131 ground finch genes, for example, SERINC5 and MTX3, have a low HP score, but a very broad 132 expression pattern across tissues measured by tissue-specificity matrix tau, thus are likely 133 restored as housekeeping genes (Figure 3) . In fact, the restored genes have a generally higher 134 HP score (P=0.051, Wilcoxon test) than the genes that have become lost after the 135
transpositions. 136
These results together provide clear evidence for the female-specific and dosage 137 selections have driven the frequent restoration of W-linked genes through transpositions among 138 songbird species. Because similar X-to-Y transpositions have been reported in insects and 139 mammals, we propose that restoration of once-lost genes onto the non-recombining sex 140 chromosomes is probably a general feature in sex chromosomes evolution. Although such 141 restoration is not expected to alter the evolutionary trajectories of W or Y chromosomes toward 142 complete functional degeneration, in fact, we found some transposed genes have already 143 become lost or show signatures of functional degeneration (e.g., THBS4). Such loss-and-144 restoration cycles may recurrently occur throughout the evolution of sex chromosomes, 145 particularly in ZW systems that usually do not have global dosage compensation to cope with 146 the imbalance of gene expression. We have to point out that our method can only identify recent 147 transpositions, and probably has missed ancient transpositions that have become too divergent 148 in sequence between Z and W chromosomes. The genes involved in the such cases 149 nevertheless have probably already become pseudogenes. Our results are in line with the 150 reported cases in avian W or mammalian Y chromosomes that dosage-sensitive genes are 151 retarded for their functional degeneration due to the strong selective constraints (Bellott, et al. 152 2014; Smeds, et al. 2015; Bellott, et al. 2017; Xu, et al. 2019 ). We also provided new evidence 153 that sex-specific selection is shaping the evolution of the W chromosome, which was assumed 154 to be less frequent than that shaping the Y chromosome, due to the more frequent and intensive 155 male-targeted sexual selection. 156 157 158
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The genomic, transcriptomic and resequencing data used in this study are listed in 160 Supplementary Table 2-4. For the 12 songbird genomes, genomic data are available for both  161 sexes except for three species. We first used the published Z chromosome sequence of great tit 162 (Laine, et al. 2016 ) to identify and order the Z-linked sequences among the investigated species 163 ( Supplementary Figure 6, Supplementary Note) . To calculate the read coverage, we first 164 mapped the reads to the reference genomes using BWA-MEM (0.7.16a-r1181) with default 165 parameters. We used the function 'depth' in samtools (1.9) to calculate coverage for every 166 nucleotide site, subsequently removed those sites with mapping quality (-Q) lower than 60 or 167 depth 3 times higher than average. Then we calculated genomic coverage of every 50 kb sliding 168 window by using 'bedtools map' function. Any windows with less than 60% of the region (30 kb) 169 mapped by reads were excluded. We used the GATK (3.8.0) pipeline (HaplotypeCaller) to call 170 variants. Raw variants were filtered by this criteria: -window 10 -cluster 2 "FS > 10.0", "QD < 171 2.0", "MQ < 50.0", "SOR > 1.5", "MQRankSum < -1.5", "ReadPosamplenkSum < -8.0". We restored genes through transposition on the W chromosomes tend to show a higher expression 210 level or a broader (larger 1-tau value) expression pattern across tissues than the lost genes. 211
Most of restored genes also have a higher degree of dosage sensitivity (higher 212 haploinsufficiency scores) than the lost genes, with some genes (e.g., ANXA1) showing an 213 ovary-biased expression pattern. 214 
